Smooth muscle exhibits various types of shortening in response to mechanical, thermal, chemical or electric stimuli.
These responses are usually designated tone, contracture, tonic or phasic contractions. The meaning of these terms, though frequently used, is not always clear, as the confused usage of tone and contracture is often encountered in the literature.
No doubt the confusion originates in the lack of our knowledge of the fundamental mechanism which underlies the mechanical responses in smooth muscle. As to electric stimuli, Winton (10) and Singh (9) pointed out that the retractor of the byssus of mytilus responds to alternating currents with phasic contractions, while it responds to direct currents with prolonged tonic contractions.
These findings seem to be important, not only because they indicate the presence of at least two fundamentally different contractile processes in smooth muscle, but also because they offer a clue to possible classification of contractile mechanisms, which might result phenomenologically in various kinds of shortening. The present communication deals with the mechanical responses of toad's bladder to electric stimuli with the purpose of elucidating contractile mechanism in general and its relation to excitability in smooth muscle.
METHODS
Almost all experiments were carried out on muscle strips cut out of the toad's bladder.
In a few cases muscle strips from toad's stomach were used for comparison. The muscle strip was hung vertically in Ringer's fluid and the mechanical responses were registered on a kymograph by an isotonic lever, which was attatched by means of a serrefine to the upper end of the preparation. The serrefine was made of chlorided silver and served as an electrode in electric stimulation ( fig.1 ). The other electrode, which was also a chlorided silver wire, was inserted in the saline at the bottom of the vessel. Just before stimulation the saline was withdrawn so that the whole preparation except the lower end, which still remained in contact with the fluid, was exposed to air, and the stimulating currents were made to flow through the whole length of the preparation.
In case of nerve stimulation, the bladder was suspended in situ and the peripheral cut end of the vesical nerve of one side was stimulated in air by the chlorided silver electrodes. Electric currents used for direct stimulation were single and repetitive induction shocks,direct current, alternating current and unidirectional pulse current obtained by passing an alternating current through a vacuum tube. As the rheobase was very low, a non-inductive resistance (1 megohm), so high that the resistance of the tissue could be neglected, was inserted in series to preparation and the current intensity was calculated from the applied voltage and resistance.
The induction currents were applied directly without shunt circuit and resistance.
The source of D. C. was a battery, while that of A. C. was a street line (60 cycle), that was connected to a potentiometer circuit through a transformer, which served to insulate the stimulating circuit including the preparation, from the earth.
The intensity of alternating current was measured by cathode-ray oscilloscope.
Alternating currents of 60-1,000 cycles were also obtained by an oscillator (Matzuda, Type C), and sometimes used for stimulation after they made unidirectional pulse currents. ceeded the latter in frequency ( fig.3a ). With a stimulation of supermaximal intensity, the fluctuations at the summit were as a rule much smaller in magnitude, more frequent and also irregular ( fig.3b ). The frequencies of fluctuations, therefore, depended not on the frequency of the stimulating current, but on the current intensity, or rather on the height of contraction.
RESULTS
2. Response to single break induction shock and its similarity to acetylcholine contracture a. Responses to acetylcholine.
Responses to acetylcholine are generally referred to as acetylcholine contracture.
With increasing concentration the height of shortening increased to a certain extent, beyond which the shortening remained constant notwithstanding further increase in concentration. In case of low concentration (10-7) the muscle relaxed slowly after initial shortening and regained its original length within about 15 minutes.
As the concentration was increased , the relaxation became more and more retarded as well as incomplete . By washing the muscle with Ringer's fiuid, the relaxation was accelerated . As shown in fig.4 , fluctuations due to automatic contractions were always seen in the relaxation phase, and in some cases also in the contraction phase , so that the myogram assumed the form of a stair.
b. Response to a single break induction shock, As shown in fig .5 , the response to a single break induction shock was augmented in magnitude continuously as the stimulus was increased.
Moreover , the relaxation rate was remarkablely variable according to the intensity of stimulation . The response to a weak stimulus, which was effective to a slight degree only in the later stage of the relaxation phase of automatic contraction , was similar to an automatic contraction both in magnitude and duration . However, as the current intensity Relation between contraction height (ordinate) and intensity of stimulation with a single break induction shock (abscissa, coil distance).
Circles: stomach . Crosses: bladder.
was increased, the current became effective both in the ascending and descending phases of automatic contraction, the contraction height was increased, the latent time reduced and both contraction and relaxation phases were prolonged. Table1 shows an example.
Particularly the retardation of relaxation was marked, Table1 so that it finally became incomplete, when the current intensity surpassed a certain limit. That is to say, the contraction in these cases was entirely different in nature from those obtainable by the stimulation of the vesical nerve or direct stimulation of muscle with A. C. and also from automatic contractions. It must be pointed out that these contractions evoked by relatively intense single induction shock show close similarity to acetylcholine contracture in many points, retarded relaxation, superposition of automatic contractions etc. The automatic contractions superposed in the early stage of relaxation were more frequent and smaller in size than those before stimulation.
But they became less frequent and intensified as the relaxation proceeded, until finally the original automatic contractions were reestablished (figs.4 and 6). In some cases automatic were detected even in the ascending phase, as was the case with acetylcholine in low concentration. From these points we may conclude that the slow contraction evoked by single induction shock is a result of direct stimulation of muscular elements and must be considered as the contracture in nature.
Another point worthy of note is that as shown in fig.6b , there appeared often a point of flexion in the ascending phase of a contraction curve evoked by single induction shock. That is, the contraction proceeded at first rapidly (1,000 cycle), while b represents the contraction after the current was made unidirectional.
The latter was always smaller in height and retarded in relaxation. Even when the amplitude of unidirectional pulse current was doubled to equalize that of the A. C. compared, the contractions produced were always less in 1. Two kinds of shortening in smooth muscle. It is already known that there are at least two kinds of shortening in smooth muscle, which were designated by previous authors rapid or phasic contraction and slow or tonic contraction (Bozler (2), Riesser (8), Henderson and Roepke (4), Winton (10), Singh (9) ). Beside these terms we are accustomed to calling the sustained state of shortening as "tone," when physiologically produced and maintained for several hours, especially as in invertebrate muscles. The sustained contraction is often (Automatic contraction)<vesical nerve stimulation<A. C. stimu-lation<weak faradic stimulation, weak single induction shock , weak D. C. stimulation (make and break-response only)<unidirectional pulse current<intense single induction shock, intense faradic stimulation, intense D. C. stimulation.
Phasic contractions
appear also superposed on tonic contraction , so the automatic contractions or tetanus-like rapid shortening due to A. C. stimulation may appear superposed on prolonged tonic contraction evoked by drugs or intense single induction shock. This suggests a different contractile mechanism underlying these two components and, at the same time , seems to justify the above asserted identification of tonic contraction and tone.
The proPagation of contractions.
The problem whether the contractions in visceral smooth muscle possess conductivity in nature is fairly difficult for an experimental approach at solution because of the minute size of the individual muscle fiber and also of the incomplete syncytial structure , whereby a block of conduction might occur due to some unnoticeable slight impairment. However, the data presented in section 6 seem to offer a clue to this problem . That the contractions evoked by A. C. or faradic , current at one end portion of a muscle strip are able in some cases to propagate to another end is definite evidence for the capability of phasic contraction to be conducted throughout the whole syncytial structure.
On the other hand tonic contractions chemically induced and contractions by D. C. or single induction shock which consist mainly of a tonic component are never propagated to the other end . This suggests the inability of tonic contraction to be conducted . It seems permissible to con SMOOTH MUSCLE•@ 287 sider the presence of conductivity as a criterion which differentiates phasic contraction from tonic. The conduction of phasic contractions may be readily blocked at some less resistant points, probably at some intercellular bridge, under unfavourable conditions.
As previously reported, automatic contractions do not in general propagate far from their site of origin (Kawabata, 5) . If, however, the automatic contractions can not be conducted at all, the contraction initiated at a pacemaker would not grow so as to spread over a certain, even if limited, area and thus the automatism in toad's bladder would become incomprehensible. In reality, the automatic contractions are abolished completely when a D. C. of suitable intensity flows through the muscle, which seems, as discussed below, to restrict the conduction of phasic contraction to a minimal range.
The mechanism of suppression of automatic contraction by a D. C. of suitable intensity is not clear. A possible explanation for this may be sought in electrotonic changes in surface membrane of muscle cells intervening in the pathway of a stimulating current.
In relation to this the phenomenon shown in fig. 7a is worth consideration. Namely a contraction (abcd in fig.11 3. The conditions necessary for the occurience of two kinds of contraction. The fact that the ratio of two kinds of shortening involved in a response of muscle to electric stimuli varies considerably in accordance with the difference in current form, suggests that different conditions are necessary for the occurrence of these two contractions.
As to phasic contraction the circumstances may be considered similar to those necessary for ordinary nervous impulse or contraction in skeletal muscle, since the strength-duration curve measured by employing phasic contraction as an indicator satisfies well the Weiss' formula. On the contrary, tonic contractions have much to do with the quantity of an unidirectional current flow, namely with its duration and intensity. The importance of the intensity factor is exhibited most clearly in the effect of intense single induction shock. Of course the magnitude of tonic contraction is by no means directly proportional to electric quantity.
Precise determinations of these relations depend on further research.
In has been reported by Griitzner (3) that during the flow of constant current the visceral muscle shows sustained contraction localized in the cathodal region, whereas the muscle under the anode relaxes.
These phenomena were recently verified by Masai (7) in our laboratory on retractor pharyngis of snail. Kutner (6) found also in skeletal muscle, that the relaxation of chemically produced contractures can be effected at the anode of constant currents. In view of this, the above mentioned tonic contraction due to D. C. must be regarded as an algebraic sum of contraction and extension in both polar regions, and conse- 
